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Abstract : The paper presents the results of electrical conductivity (<T) and Seebcck 
coefficient (.V) measurements on the pressed pellets of GdFeTC>4 (where T = Fe, Ci, Mn, Co 
and Ni) compounds in the temperature range 400 to 1200 K It has been shown that these 
are essentially electronic semiconductors with a  values m the range 10‘7 to 10~  ^ 42- *nf * 
around 410 K The maximum value of a  has been observed for GdFeMnf^ and lowest for 
GdFejO.* The log aT vs 7wl and S vs T~1 plots yield three temperature regions separated by 
break temperatures T\ and 73 Tj and 72 are same in both the plots The charge earners arc 
elections in all temperature ranges The electrical conductivity in the first range (7' < T\) 
is extrinsic an if occurs due to donor type centres In second (7j < T < 73) and third (7* > 73) 
langes, the electrical conduction is ol hopping type and occurs due to hopping of electrons 
from Fe2* to F e ,+ in GdFe2 0 4 , Co2+ or N12* to Fe^ + in GdFeCoC^ and GdFeNiG^ 
and from Fe2* to Cr^+ centre in GdFeCrC^. In GdFeMnGt|, the electrical conduction occurs via 
hopping of electrons from Mnu  to Mn4+ centres in T\ < 7 < 73 range and from Fe2* to Mn1+ 
centres in T > 72 range
Keywords : Electrical conductivity, Secbeck coefficient, gadolinium-iron-transition metal 
mixed oxides
FACS Nos, : 72.8<)Jc, 72 90 +y 1
1. In tro d u c tio n
M i x e d  r a r e - e a r t h  a n d  t r a n s i t i o n  m e t a l  o x i d e s  h a v e  b e e n  t h e  s u b j e c t  o f  s t u d y  d u e  t o  t h e i r  
i n t e r e s t i n g  m a g n e t i c ,  d i e l e c t r i c ,  e l e c t r i c a l  t r a n s p o r t  p r o p e r t i e s  a n d  t h e i r  a p p l i c a t i o n s  [ 1 - 3 ] ,  
S e v e r a l  s u c h  m a t e r i a l s  h a v e  b e e n  i n v e s t i g a t e d  b y  u s  i n  t h e  p a s t .  I m p o r t a n t  a m o n g s t  t h e s e  
a r e  r a r e - e a r t h  i r o n  g a r n e t s  [ 4 , 5 ] ,  r a r e - e a r t h  o r t h o c h r o m i t e s  [ 6 , 7 ] ,  r a r e - e a r t h  v a n a d a t e s  [ 8 , 9 ]  
a n d  o t h e r s  [ 1 0 , 1 1 ] ,  T h e  3 d  e l e m e n t s  i n  m a n y  o f  t h e s e  m i x e d  c o m p o u n d s  h a v e  v a r i a b l e  
v a l e n c e  s t a t e  a n d  y i e l d  i n t e r e s t i n g  m a g n e t i c ,  d i e l e c t r i c  a n d  e l e c t r i c a l  t r a n s p o r t  p r o p e r t i e s .  
E x p e c t i n g  s o m e  i n t e r e s t i n g  r e s u l t s ,  w e  p r e p a r e d  a n d  s t u d i e d  r a r e - e a r t h - i r o n - t r a n s i t i o n  m e t a l
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m i x e d  o x i d e s  a n d  o n e  o f  t h e s e  s t u d ie s  i s  r e p o r t e d  i n  t h i s  p a p e r .  G o i n g  t h r o u g h  t h e  l i t e r a t u r e ,  
w e  f o u n d  o n l y  l i m i t e d  s t u d ie s  o n  t h e  c o m p o u n d s  o i  t h i s  s c r i e s .  T h e  o n l y  s t u d i e s  m a t e r i a l s  o l  
t h e  e n t i r e  s e r i e s  a r c  Y F C 2O 4 , G d F c ^ Q *  a n d  L U F C 2O 4 . T h e s e  s t u d i e s  a r e  r e l a t e d  w i t h  t h e i r  
p r e p a r a t i o n  a n d  l o w  t e m p e r a t u r e  p h a s e - t r a n s i t i o n  [ 1 2 , 1 3 1 ,  n e u t r o n  d i f f r a c t i o n  a n d  m a g n e t i c  
p r o p e r t i e s  1 1 4 , 1 5 ] ,  d i e l e c t r i c  s t u d y  | I 6 ]  a n d  M d s s b a u e r  e f f e c t  [ 1 7 , 1 8 ] .  L o w  t e m p e r a t u r e  
( l a n d  S d a t a  h a v e  b e e n  e x p l a i n e d  [ 1 9 ]  via h o p p i n g  o f  e l e c t r o n  l o c a l i z e d  o n  F c 2+ t o  F e v  
c e n t r e s .  N o  o t h e r  s t u d y  o n  t h e  e l e c t r i c a l  t r a n s p o r t  p r o p e r t i e s  a t  h i g h e r  t e m p e r a t u r e  i s  
r e p o r t e d  i n  t h e  l i t e r a t u r e  s o  f a r .  I t  h a s  b e e n  r e p o r t e d  [ 2 0 —2 2 1 t h a t  q u a l i t a t i v e  u n d e r s t a n d i n g  
a n d  s e m i - q u a n t i t a t i v e  a n a l y s i s  o f  t h e  c o n d u c t i o n  m e c h a n i s m  c a n  b e  p r e s e n t e d  b y  s t u d y i n g  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  a n d  S e e b e c k  c o e f f i c i e n t  a s  a  f u n c t i o n  o f  v a r i o u s  p a r a m e t e r s  
U s i n g  s a m e  m e t h o d o l o g y ,  w e  h a v e  i n v e s t i g a t e d  t h e  e l e c t r i c a l  t r a n s p o r t  m e c h a n i s m  o f  
g a d o l i n i u m - i r o n - t r a n s i t  i o n  m e t a l  m i x e d  o x i d e s  a n d  t h e  r e s u l t s  a r e  r e p o r t e d  i n  t h i s  p a p e r .
2. Material preparation and experimental procedure
T h e  s t a r t i n g  m a t e r i a l s  f o r  t h e  p r e p a r a t i o n  o f  t h e s e  c o m p o u n d s  w e r e  G d ^ O ^  [ o f  9 9 . 9 %  p u r i t y ,  
f r o m  J o h n s o n  C h e m i c a l  C o m p a n y ,  B o m b a y ,  I n d i a ] ,  F e ?C ^  | o f  9 9 . 5 ' t f  p u r i t y ,  f r o m  R i e d e l  
D e h a c n  A G ,  S e e i z e  H a n n o v e r ,  G e r m a n y ]  a n d  o x i d e s  C r 2C >*, N i O ,  C o O  a n d  M n ( ) >  [ o l  
p u r i t y ,  9 9 . 9 % ,  f r o m  R a i c  a n d  R e s e a r c h  C h e m i c a l ,  B o m b a y ,  I n d i a ] .  T h e  s t o i c h i o m e t r i c  
a m o u n t  o f  t h e s e  o x i d e s  w e r e  m i x e d  a n d  h e a t e d  i n  a  s i l i c a  c r u c i b l e  f o r  5 0  h r s  a t  a  
t e m p e r a t u r e  o f  1 4 0 0  K .  I n  t h i s  p r o c e s s ,  m i x t u r e  w a s  f o l l o w e d  b y  o n e  i n t e r m e d i a t e  g r i n d i n g  
a n d  t h e  f i n a l  p r o d u c t  w a s  c o o l  d o w n  s l o w l y  T h e  p r e p a r e d  c o m p o u n d s  u n d e r g o  f o l l o w i n g  
s o l i d  s t a t e  r e a c t i o n
2 G d , 0 ,  +  4 F c , 0 ,  - 1 4 0 0  K  > 4 G d F e , 0 ,  +  O , ,
2 G d 20 3 +  2 F e ? 0 ,  +  2 C r 20 ,  - - 4 ^ K  > 4 G d F e C r 0 4 +  0 2 ,
G d ^ O ,  +  F c , 0 ,  +  2 M n C h  1 4 0 0  K  > 2  G d F c M n O , +  O , .
"  ' A i r
G d - , 0 ,  +  F c ^ O ,  +  2 C o O  1 4 0 0  K  > 2 G d F c C o O . ,
~ ‘ ‘ A i r
G d . O ,  +  F c . O .  +  2 N i O  — -1-4 ---) K  > 2 G d F e N i O , .
1 - 2 3  A i r  4
T h e  w e i g h t  l o s s  c o r r e s p o n d i n g  t o  o x y g e n  o n  t h e  r i g h t  h a n d  s i d e  o f  t h e  r e a c t i o n s  w e r e  
o b s e r v e d  i n  a l l  c a s e s  e x c e p t  i n  G d F e M n 0 4 , w h e r e  t h e  o b s e r v e d  l o s s  w a s  s l i g h t l y  l e s s  t h a n  
e x p e c t e d .  T h e  d e t a i l s  a r e  d e s c r i b e d  e l s e w h e r e  [ 2 3 ] .
T o  g e t  t h e  c o n f i r m a t i o n  r e g a r d i n g  t h e  c o m p l e t e  f o r m a t i o n  o f  t h e  p r e p a r e d  
c o m p o u n d s ,  X - r a y  d i f f r a c t i o n  s t u d y  h a v e  b e e n  c a r r i e d  o u t  a t  r o o m  t e m p e r a t u r e  u s i n g  C u K «  
r a d i a t i o n  (X =  0 . 1 5 4 1 8  n m ) .  F r o m  X - r a y  d i f f r a c t i o n  p a t t e r n ,  dhk\ v a l u e s  h a v e  b e e n  e v a l u a t e d  
u s i n g  r e l a t i o n
0 . 1 5 4 1 8
^hkl -
2 s i n 0
( 1)
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F ro m  th ese  v a lu e s  o f  d hkb s tru c tu re  o f  the  c o m p o u n d s  w e re  re s o lv e d  us in g  usual p ro c e d u re . 
A l l  th e  p e a k s  h a v e  b een  id e n t i f ie d  an d  a s s ig n e d  p ro p e r  h k l v a lu e s . T h is  c o n f irm s  that 
p re p a re d  c o m p o u n d s  a re  in  s in g le  p h a s e . A l l  th e  c o m p o u n d s  h a v e  b een  fo u n d  to  h a v e  
o rth o rh o m b ic  u n it  c e ll w ith  u n it  c e ll p a ra m e te rs  a0< h{) and  c{) as g iv e n  in T a b le  1.
Table 1. Structural paiamettas of the studied GdFeT()4 compounds
Compound Lattice parameters (nm) Unit cell 
volume
Cal culaied 
density 
kg m- * x 10«(> l>0 <0
GdFe^tXj 0 6242 0 7366 0 8836 4 0627 5 44
GcIFcCi0 4 0 6340 0 7282 0 8858 4 0806 5 34
CidFcMn()4 0 6274 0 7386 0 8856 4 1030 5 37
GdHcCoC )4 0.6286 0 7416 0.8024 4 1601 5 36
GdFeNiD4 0 6206 0 7386 0 8878 4 1285 5 40
T h e  m e a s u re m e n ts  o f  e le c tr ic a l c o n d u c tiv ity  ( a )  and  S e e b e c k  c o e f f ic ie n t  (S)  w e re  
p e r fo rm e d  on pressed p e lle ts  because  o f  d if f ic u lt ie s  in g ro w in g  la rg e  s in g le  c ry s ta l o f these  
c o m p o u n d s  n e e d e d  fo r  such m e a s u re m e n ts  d u e  to  th e ir  h ig h  m e lt in g  p o in t  and  o u r  lim ite d  
fa c il it ie s . T h e  d e ta ils  o f  th ese  m e a s u re m e n ts  in c lu d in g  e le c tro d e  p re p a ra tio n  etc  a re  g iv e n  
e ls e w h e re  [7 ,2 3 ] .
X  R e s u lts
In  o rd e r  to  e v a lu a te  b u lk  v a lu e  o f  e le c t r ic a l c o n d u c t iv ity  an d  S e e b e c k  c o e f f ic ie n t  o f  
c r y s t a l l in e  s o l id , th e  s tu d y  o f  p e l le ts  d e n s ity , e le c t r ic a l  c o n d u c t iv i t y  a n d  S e e b e c k  
c o e f f ic ie n ts  h a v e  b e e n  d o n e  as a fu n c t io n  o f  p e l le t iz in g  p re s s u re . T h e  d e ta ils  a re  g iv e n  
e ls e w h e re  [ 2 3 ] .  I t  has  b e e n  fo u n d  th a t d e n s ity  o f  p re s s e d  p e lle ts  (dp) d e p e n d s  u p o n  
p e l le t iz in g  p ressu re  ( P ) .  In  a ll cases d e n s ity  o f  p e lle ts  in c reases  lin e a r ly  w ith  P  u p lo  a v a lu e  
o f  P  =  5 .2 8  x  | ( ) 8 N n r 2 th en  th e  in c rease  b e c o m e s  s lo w  an d  it b e c o m e s  a lm o s t co n stan t fo r  
P  >  6 .3 2  x  108 N n r 2. T h e  m a x im u m  d e n s ity  o f  h ig h es t p ressed p e lle t  (dp) re m a in s  less than  
c a lc u la te d  d e n s ity  (d0). T h e  d if fe re n c e  o b v io u s ly  o ccu rs  d u e  to p o re  fra c tio n  (f) w h ic h  h ave  
b een  d e te rm in e d  b y  th e  re la t io n
T h e  v a lu e s  o f  d n> dp an d  / f o r  th e  s tu d ie d  m a te r ia ls  a re  g iv e n  in  T a b le  2 .
T h e  p o re  f r a c t io n  is s m a ll e n o u g h  to  e v a lu a te  a n y  b u lk  p a ra m e te r  b y  s u ita b le  
c o rre c t io n . T h e  e le c t r ic a l c o n d u c tiv ity  o f  s e v e ra l p e lle ts  (a p) o f  e a c h  c o m p o u n d  m a d e  at 
d if fe r e n t  P  has b e e n  m e a s u re d  u s in g  s im ila r  e le c tro d e  at a f ix e d  te m p e ra tu re . T h e  lo g  ap vs 
P  p lo t  fo r  e a c h  m a te r ia l s h o w s  th a t it  in c reases  w ith  P  an d  ten d s  to  b e c o m e  c o n s ta n t fo r  P  
e x c e e d in g  6 .3 2  x  1 0 8 N n r 2. T h is  c o n s ta n c y  o f  c p w i th  P  en su res  s ig n if ic a n t  re d u c t io n  o f
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grain  boundaries but dp <d0 indicates that crysta lline  value o f  a  m ay be s ig n ifican tly  m ore  
than ap. T h e  estim ation o f  a  from  m ax im um  value o f  ap has been done using re la tion  [7 ,2 4 ]
o  - 1 + J
1 + / ^ (3 )
Scebeck c o c flic ie n t ( S ) has also been m easured fo r n u m b er o f  p e lle ts  o f  each  
com pound m ade at P ranging from  3 .12  x  1()8 to 8 .4  x  1()K N n r 2. W ith in  our experim enta l 
accuracy w e do not observe any dependence o f  .S’ on P. T h is  has been true fo r  a ll 
com pounds. H ence S  needs no correction fo r c rys ta llin e  solid . T h is  is lo g ic a lly  expected  
because S m easurem ent in vo lves m easurem ent o f  vo ltage across the sam ple p e lle t w hen  
current f lo w  is zero, hence pore lraction does not com e in the p icture.
Tabic 2. The calculated density (Jq), pellet density (dp) of highest pressed 
pellet and pore fraction (/) of studied compounds
Compound </,,x I O'1 
(Kg m'-’)
d,)X 10“’ 
(Kg nT-1)
j
GdFe20 4 4 79 5 44 0 120
GdFeCr04 4 50 5 34 0.157
GdFeMn04 4 60 5 37 0 143
GdFeCo04 4 55 5 36 0 151
GdFcNiQ4 4 70 5 40 o no
E lectro d e  p lay an im portant ro le in the m easurem ent o f  a. F o r such m easurem ent 
O h m ic  contact between the pellet and electrode in terface is essential [ 2 5 1. E ven  in the case 
o f  O h m ic  contact, contact resistance p lay  an im portan t ro le  in cr m easurem ent [2 5 ]. T o  
ensure O h m ic  contact, w e have m easured current through the p e lle t at d iffe re n t ap p lied  
voltages at constant tem perature. U s in g  d im ension  o f  the pe lle t, curren t density  (J) and 
e lectric  fie ld  (E) have been evaluated. It  has been found that fo r pellet o f  studied m ateria l J 
vs E  p lots are straight line  upto E  ~ 6 .0  x  103 V /m , ensuring O h m ic  contact betw een p e lle t  
and electrode in terface.
S ince several superfluous effects not connected w ith  bu lk  p roperty  o f  the m ate ria l 
can arise due to grain boundaries, it is essential to see that grain boundary e ffects have been 
m in im iz ed  in h igh ly  pressed pellets m ade using very fine  grain pow ders. T h is  can be done  
by m easuring o at d iffe ren t ac signal frequencies and seeing that it does not depend upon it. 
T o  do that ap has been measured at dc =  100 H z , 1 K H z  and 10 K H z ;  and a p lo t o f  log op vs 
lo g /h a s  been obtained. It  has been observed that log op is independent o f  lo g /.  T h e  dc and  
ac values of ap have been found to be the same. T h is  indicates that grain  boundary e ffects  
are considerab ly m in im ized  in h igh ly  pressed pellets.
T h e  dc current density through the pe lle t o f  all studied m ateria ls  have been m easured  
as a fu n c tio n  o f  t im e  at constant tem perature  and app lied  dc f ie ld . I t  is found that J  is 
independent o f  tim e . T h is  observation indicates that the e lec trica l co n d u c tiv ity  o f  studied  
com pounds is essentia lly  e lectron ic and ionic  conductiv ity  is n eg lig ib ly  sm all.
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T h e  e le c tr ic a l c o n d u c tiv ity  (a )  m e a s u re m e n t o f  fe w  p e lle ts  o f  each  s tu d ie d  m a te r ia l 
has b e e n  c a r r ie d  o u t  in  th e  te m p e ra tu re  ra n g e  4 0 0  K  to  1 2 0 0  K . T h e  m e a s u re m e n ts  h a v e  
b een  d o n e  o n  p e lle ts  m a d e  at P > 6 .3 2  x  10K N m  ? and s in te re d  a ro u n d  1 0 0 0  K  fo r  5 0  hrs. 
T h e  aJt v a lu e s  d o  n o t d i f f e r  fo r  d i f f e r e n t  s a m p le s  an d  are  a ls o  in d e p e n d e n t o f  p e lle t  
d im e n s io n s . F u r th e r , no  d iffe re n c e  in  a p v a lu e s  h a v e  b een  fo u n d  d u r in g  h e a tin g  and c o o lin g  
c y c le s .
I t  a ls o  re m a in s  a lm o s t s a m e  ir re s p e c tiv e  o f  th e rm a l h is to ry  an d  s h e lf  l i f e  o f  the  
p e lle t . T h e  m e a n  v a lu e  o f  op fo r  fe w  p e lle ts  o f  each  c o m p o u n d  has been taken  as the b u lk  
v a lu e  o f  Op. T h e  o  v a lu e  h a v e  been  e v a lu a te d  u s in g  eq . 3 . T h e  p lo ts  o f  lo g  a  T  vs in ve rse  o f  
a b s o lu te  te m p e ra tu re  (7 1-1) fo r  d iffe re n t  s tu d ied  m a te r ia ls  are sh o w n  in F ig u re s  ( 1 - 5 ) .  It  is
T (K  )
11001000 900 8 0 0  700  6 0 0  6 0 0  4 0 0
Figure 1. Plots of logarithm of product of electrical conductivity and temperature (log a l ) 
and Seeheck coefficient <S) against inverse ot absolute temperature (T ) for (JdFejt^
seen f ro m  th e s e  f ig u re s  th a t e a c h  p lo t  c an  be d iv id e d  in to  th re e  lin e a r  re g io n s  n a m e ly  
ra n g e  1 fo r  T <  T \ „  ra n g e  I I  f o r  7 ,  <  T <  T 2 an d  ra n g e  I I I  T >  T 2 . T x and  7 \  h ave  been te rm e d  
as b re a k  te m p e ra tu re s . In  e a c h  re g io n , th e  v a r ia t io n  o f  lo g  o T  vs can be re p re s e n te d  b y  
th e  re la t io n
o T  =  a.0T  e x p  ( - E J k T ) . ( 4 )
lo
g[
<T
T
(.
n.
1m
1K
)]
 
= 
log
 [o
-T
tJl
’n
V
)]
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Figure 3. Same as Figure I lor GdFcMn()4
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Figure 5. Same as Figure 1 for GdFeNiO.*.
S 
Irr
H 
K*1
)
232 A N Thcikur, Kanchan Gaur and H B Lai
T h e  v a lu e s  o f  p re -e x p o n e n tia l c o n s ta n t (o 0T) an d  a c t iv a t io n  e n e rg y  ( Ea) h a v e  been  
e v a lu a te d  f ro m  th e  e x p e r im e n ta l p lo t  and  are  g iv e n  in  T a b le  3 to g e th e r  w ith  th e  v a lu e s  o f  
T , and  T2.
T a b l e  3 .  V a l u e s  o f  p r e - e x p o n e n t i a l  c o n s t a n t  {O q T )  a n d  E a  t o g e t h e r  w i t h  7 ’, a n d  T 2 in  d i f f e r e n t  
r e g i o n s  o f  lo g  & T  vs p lo t s  o f  s tu d i e d  c o m p o u n d s .
Compound For T < T]
(K)
For 7’, < T <T2 For T > T2
° aT
(Q - 'itt 'K) <eV)
o0T
(Q - 'n r 'K )
Fa
(eV)
T2
(K)
(TqT
( O - V k )
F-u
(eV)
GdFe20 4 4.56 x 10 -' 0 08 580 3.36 x l<>8 1 34 910 3.67 x I07 1.17
GdFeCr0 4 2 21 x Id"1 0 09 470 1.29 x I06 0 72 870 5.54 x I05 0.66
GdFeMn(>4 1 0 9 x I0_l 0 10 470 3.04 x I04 0.48 880 2.03 x 106 0.80
GdFcCoC>4 7 72 x I0~2 0 12 470 1 40 x l()6 0.80 910 5 45 x I05 0 73
GdFeNi04 V ?2x i ( r 2 0 08 470 1 93 x 106 0 80 950 8 42 x I05 0 74
T h e  S e e b e c k  c o e f f ic ie n t  m e a s u re m e n ts  o n  d i f fe r e n t  p e lle ts  o f  e a c h  m a te r ia l h a v e  
a ls o  been  d o n e . T h e s e  v a lu e s  d o  no t d i f fe r  fro m  s a m p le  to  s a m p le  an d  a re  a ls o  in d e p e n d e n t  
o f  p e lle t  d im e n s io n  w ith in  e x p e r im e n ta l a c c u ra c y  w h ic h  is a b o u t ±  1 0 %  a ro u n d  8 0 0  K  and  
red u ces  to  ±  5% a ro u n d  1 0 0 0  K . T h e s e  a re  n e a r ly  sam e in  h e a tin g  an d  c o o lin g  c y c le s . T h e  
re p e a te d  v a lu e s  o f  S  has been  re c o rd e d  fo r  e ach  m a te r ia l in  th e  te m p e ra tu re  ra n g e  4 0 0  to  
1 2 0 0  K. and  h a v e  b een  p resen ted  in  F ig u re s  ( 1 - 5 )  as S  vs T~x p lo t. W e  m u s t p o in t  o u t at th is  
stag e  th a t s ta n d a rd  c o n v e n t io n  fo r  the  v a lu e s  o f  S  h a v e  b een  used . In  th is  c o n v e n t io n ,  
^  =  j f  anc* ^ as P osi t i ve  s ig n  fo r  n e g a tiv e  c h a rg e  c a rr ie r  an d  vice-versa. I t  is o b s e rv e d  fo r  
S  vs 7 ,_1 p lo t  th a t S  v a lu e s  are  p o s itiv e  th ro u g h o u t the  s tu d ie d  te m p e ra tu re  ra n g e  in d ic a t in g  
d o m in a n c e  o f  n e g a tiv e  c h a rg e  c a r r ie r  in  th e  c o n d u c tio n . 5  vs T~] p lo ts  can  be d iv id e d  in to  
th re e  lin e a r  re g io n s  n a m e ly  ra n g e  I  fo r  T < 7 , ,  ra n g e  I I  fo r  Tx < T  < T2 an d  ra n g e  I I I  fo r  
T  > T 2\T \  a n d  T2 b e in g  th e  b re a k  te m p e ra tu re s . In  e a c h  ra n g e , p lo t o f  S vs T~l c a n  be  
re p re s e n te d  by  th e  re la tio n
S  =  —  +  H , (5)
eT
w h e re  7] an d  H  a re  co n s ta n ts  fo r  e a c h  re g io n . T h e  v a lu e s  rj, / / ,  7 ,  an d  T2 a re  g iv e n  in  
T a b le  4 .
4. Discussion
A s  m e n tio n e d  in  th e  p re v io u s  s e c tio n , <7dc has b e e n  fo u n d  in d e p e n d e n t o f  t im e  e v e n  at 
r e la t iv e ly  h ig h e r  te m p e ra tu re  a n d  f o r  s u f f ic ie n t ly  lo n g  t im e . F u r th e r ,  n o  s ig n if ic a n t  
d if fe re n c e  has b e e n  fo u n d  in  <7ac an d  crdc va lu e s . A ls o  cxac has b een  fo u n d  in d e p e n d e n t o f  ac  
s ig n a l f re q u e n c ie s . A l l  th ese  o b s e rv a tio n s  in d ic a te  th a t s tu d ie d  m a te r ia ls  a re  e s s e n t ia lly  
e le c t ro n ic  c o n d u c to rs  a n d  io n ic  c o n d u c tiv ity , i f  a n y , is  s ig n if ic a n t ly  s m a ll . T h e  S e e b e c k  
c o e f f ic ie n t  h as  b e e n  fo u n d  p o s it iv e  th ro u g h o u t  th e  s tu d ie d  te m p e ra tu re  r a n g e . T h u s ,  
e le c tro n s  a re  th e  m a jo r i ty  c h a rg e  c a r r ie r  in  th ese  m a te r ia ls . A r o u n d  4 1 0  K ,  a  o f  s tu d ie d
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c o m p o u n d s  lie s  in  th e  ra n g e  10~7 to  10~3 i 2_ ,m  1 and  increases w ith  in crease  o f  te m p e ra tu re . 
T h u s , s tu d ie d  c o m p o u n d s  a re  ty p ic a l s e m ic o n d u c to r . T h e  lo g  a  vs T  1 as w e ll  as S vs 7 1 
p lo ts  h a v e  th re e  lin e a r  re g io n s  sep ara ted  b y  b re a k  te m p e ra tu re  T} and  7V  T h e  te m p e ra tu re s
Table 4. C o n s t a n t s  rj a n d  H  f o r  d i f f e r e n t  r e g i o n s  t o g e t h e r  w i th  th e  v a l u e s  o f  I \  a n d  /  ? l o r  t h e  
s t u d i e d  c o m p o u n d s
C o m p o u n d F o r  T < T\ F o r  T j <  7 < 7 2 F o i 7’ > I :
n H h n H / 2 n H
(cV) (mV K"1) (K) ( c V ) (mV K-' ) ( K ) ( e V ) ( m V  K ” 1)
G d F e 2 0 4 0 033 0 131 5X0 0 040 0 1 17 010 0 056 0 000
0 d F e C r O 4 0 025 0091 470 0 017 0 162 870 0 068 0 102
G d F e M n 0 4 0 020 -0  020 470 0 025 -0  OOX 880 0 025 -0 000
G d F e C o 0 4 0 048 -0  050 470 0 024 0  064 910 0 063 0 05 7
G d F e N i 0 4 0.022 0 093 470 0 006 0 162 950 0 046 0 121
T | and  T2 h a v e  been  fo u n d  to  b e  n e a rly  sam e in  eras w e ll as S  plots. N o  phase change h ave  
been  re p o rte d  in  th ese  c o m p o u n d s  in the  s tu d ie d  te m p e ra tu re  ra n g e . T h u s , these  b ie a k  
te m p e ra tu re s  in d ic a te  the  c h a n g e  in c o n d u c tio n  m e c h a n is m  in these so lid s . T h e  va lu es  ol h d 
(~  0 .1  e V )  in firs t  te m p e ra tu re  ra n g e  (T  <  7 ’, )  is s m a ll fo r  a ll s tu d ied  m a te r ia ls . T h e  v a lu e  o f  
p re -e x p o n e n t ia i c o n s ta n t (O qT )  in th is  ra n g e  is a lso  s m a ll (~  10 2 £2_ ,m  _,K ) .  B o th  these  
v a lu e s  a re  no t a p p ro p r ia te  fo r  in tr in s ic  c o n d u c tio n . T h u s  w e  c o n c lu d e  that fo r  T  <  T , , the  
e le c tr ic a l c o n d u c tio n  in  these  m a te r ia ls  is e x tr in s ic  and  is d u e  to  im p u r it ie s  o r  d e fe c ts  
H o w e v e r , at T  > T  \\ Ea as w e ll as <7oT va lu e s  are  la rg e  in d ic a tin g  in tr in s ic  conduction
F o r  T  <  7 ',, the  e le c tr ic a l c o n d u c tio n  is e x tr in s ic  and  thus in o rd e r  to  e x p la in  it, one  
has to  lo o k  fo r  p o s s ib le  d e fe c ts  an d  im p u r it ie s . A  c h e m ic a l im p u r ity  o f  th e  o rd e r  o f  l). 1 
p e rc e n t is e x p e c te d  in  th ese  m a te r ia ls . T h is  has b een  in fe rre d  fro m  the s ta led  p u r ity  o f  the  
m a te r ia ls  used  fo r  th e  p re p a ra tio n  o f  these c o m p o u n d s . In  o rd e r  to  re s o lv e  the  c o n d u c tio n  
m e c h a n is m , th e  a p p ro p r ia te  p lo ts  a re  lo g  O vs  7 ' 1 an d  S vs T~] p lo t. F o r  d o n o r ty p e  im p u r ity  
cen tres , b an d  c o n d u c tio n  y ie ld  a c o n d u c tiv ity  e x p re s s io n  c r =  a () e x p  ( - E d!kT ). w h e re  Ed  is 
d o n o r  io n iz a t io n  e n e rg y . F o r  th is  ty p e  o f  c o n d u c tio n , the  s lo p e  o f  S vs T~] an d  lo g  a  vs T 1 
p lo t s h o u ld  be s am e  [2 2 ] .  T h e  s lo p e  o f  lo g  a  vs 71-1 can  be in fe rre d  fro m  the s lo p e  o f  lo g  a T  
vs p lo t  g iv e n  in  T a b le  3 . H o w e v e r ,  w e  h a v e  o b ta in e d  these s lo pes (v a lu e s  o f  E d 's)  by  
d ra w in g  lo g  a  vs T ] p lo t  w h ic h  a re  n o t p re s e n te d  in  the  p a p e r. T h e s e  are  g iv e n  in  T a b le  5.
I t  is seen fro m  T a b le  5  th a t th e  s lo p e  o f  S  vs T~] p lo t p  and lo g  a  vs T~x p lo t Ed  h a v e  
n e a rly  th e  s am e  v a lu e  ( ta k in g  e rro rs  in  th e  v a lu e s ) fo r  a ll ex c e p t G d F e M n 0 4. T h is  in d ic a te s  
th a t e x tr in s ic  c o n d u c tio n  in  a ll o th e r  m a te r ia ls  is d u e  to  d o n o r  ty p e  im p u r it ie s . N o  e x a c t  
re a s o n  c a n  b e  g iv e n  f o r  th e  e x tr in s ic  c o n d u c tio n  in  G d F c M n 0 4 . H o w e v e r ,  it  m a y  be  
re m a rk e d  th a t in  th e  p re p a ra t io n  o f  G d F e M n 0 4, th e  o b s e rv e d  o x y g e n - lo s s  is less th an  
e x p e c te d  as in d ic a te d  in  re a c t io n  3 . T h u s , s o m e  excess  o x y g e n  is le f t  in  th e  s a m p le . T h is  
o x y g e n  c o n v e r ts  i t s e l f  in to  0 2~ io n  b y  ta k in g  an  e le c tro n  e a c h  f ro m  M n 3+ c e n te r  an d  
c o n v e r t in g  tw o  o f  th e m  in  M n 4*  c e n te r . T h e  d is ta n c e  b e tw e e n  th e  o x y g e n  io n  an d  M n u
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c e n te r  fo r  th is  p rocess  s h o u ld  be s m a ll. W ith  th is  c o n fig u ra tio n , n a tu ra l h o p p in g  o f  e le c tro n  
f ro m  0 2~ to  M n 4+ c e n te r  is e x p e c te d  w ith  lo w e r  a c t iv a t io n  e n e rg y . T h e  Ea »  0 .1 6  e V  is  
p ro b a b ly  d u e  to  th is  p ro c e s s . T h e  p ro cess  a p p e a rs  m o re  p ro b a b le  in  v ie w  o f  th e  fa c t  
o b s e rv e d  e le c t r ic a l  c o n d u c t iv ity  fo r  th is  c o m p o u n d  is  h ig h e s t  a m o n g s t th e  s tu d ie d  
c o m p o u n d s  an d  s lo p e  o f  S  vs T~l ( rj -  0 .0 2 )  p lo t  is v e ry  s m a ll. H o w e v e r ,  th e  d is c u s s io n  
s h o u ld  not be e x te n d e d  an y  fu rth e r .
Table 5. Values of Ed and rf for the studied materials. The values Ea from 
Table 3 are also listed for the reference.
Compound Hu
<cV) §
5 71
(cV>
GdFc20 4 0 08 0 03 0.033
GdFt*Cr04 0 09 0.04 0.025
GdFVMn04 0 16 0 10 0.020
GdFeC o 0 4 0.12 006 0.048
GdFeNiQ4 0.08 0.03 0 022
In  in tr in s ic  ra n g e , th e  m a jo r ity  c h a rg e  c a rr ie rs  a re  e le c tro n s  as in d ic a te d  b y  p o s it iv e  
v a lu e  o l S e e b c c k  c o e f f ic ie n t .  G d F c 20 4 is e s s e n t ia lly  an io n ic  c o m p o u n d  as has b e e n  
c o n c lu d e d  b y  us on  th e  basis  o f  m a g n e tic  s u s c e p tib ility  s tud ies  [231 . T h u s , th e  m a te r ia l w i l l  
c o n ta in  G d 3+, F e 2+ an d  F e 3*  io ns. F e  is m u lt iv a le n t  an d  i i  is n a tu ra l to  th in k  th a t c o n d u c tio n  
in  th is  c o m p o u n d  o c c u rs  via  h o p p in g  o f  e le c tro n s  lo c a liz e d  o n  F e 2+ to  F e 3+ s ite s . T h e  
h o p p in g  o f  e le c tro n s  in  L u F e 20 4 has a lre a d y  b een  o b s e rv e d  th ro u g h  M o s s b a u r  s tu d ie s  
11 7 ,1 8 ]  an d  d a ta  o f  Grand S  h a v e  b een  e x p la in e d  u s in g  th is  m e c h a n is m  { 1 9 ] .
T h e  a c t iv a t io n  e n e rg y  fo r  h o p p in g  is 1 .3 4  e V .  T h e  S e e b e c k  c o e f f ic ie n t  S  in  h o p p in g  
m o tio n  is g iv e n  b y  th e  e x p re s s io n  [2 6 ] .
k
S  =  -  
e
( 7 )
w h e re  is the  e f fe c t iv e  e n tro p y  o f  th e  la t t ic e  w h ic h  is te m p e ra tu re  in d e p e n d e n t a n d  c  =  
n /N ,  w h e re  n an d  N  a re  th e  d e n s itie s  o f  d e fe c ts  an d  n o rm a l s ites re s p e c t iv e ly . In  G d F e 2 0 4, n 
=  N /2  g iv in g  c =  1 /2  an d  lo g a r ith m ic  te rm s  o f  5  to  be ze ro . H e n c e
e
T h u s , S  s h o u ld  be  te m p e ra tu re  in d e p e n d e n t. E x p e r im e n ta l v a lu e s  o f  S  in  G d F e 2 0 4 f o r  T  > 
T , ,  a re  s m a ll an d  te m p e ra tu re  in d e p e n d e n t w h ic h  suppo rts  th e  h o p p in g  m e c h a n is m .
In  G d F e C o 0 4 an d  G d F e N i 0 4, io n s  a re  G d 3* , F e 3+ a n d  C o 2+ a n d  N i 2+ as c o n c lu d e d  
by o u r  m a g n e tic  s u s c e p tib ility  ( x m) s tud ies  [2 3 ] .  T h e  e le c tr ic a l c o n d u c tio n  in  in tr in s ic  ra n g e  
in  th ese  c o m p o u n d s  sh o u ld  o c c u r  via h o p p in g  o f  e le c tro n s  f ro m  C o 2*  o r  N i 2+ c e n te rs  to  F e 3+ 
c e n te rs . T h e  a c t iv a t io n  e n e rg y  o f  h o p p in g  in  th ese  c o m p o u n d s  is 0 .8 0  e V .  S  has  a ls o  b e e n  
fo u n d  n e a r ly  te m p e ra tu re  in d e p e n d e n t as e x p e c te d .
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G d F e C r C ^  is  a lso  io n ic  w i t h G d  2+,F e 2+ an d  C r 3+ as its c o n s titu e n t io n s  as c o n c lu d e d  
b y  o u r  s u s c e p t ib il i ty  s tu d y . T h e  h o p p in g  c o n d u c tio n  in  th is  m a te r ia l w i l l  o c c u r  d u e  to  
h o p p in g  o f  e le c tro n s  f ro m  F e 2*  to  C r 3+ s ites. T h e  a c t iv a t io n  e n e rg y  is 0 .7 2  e V .
In  a ll  th e  th re e  c o m p o u n d s  d iscu ssed  a b o v e , the  s lo p e  o f  lo g  c fT  vs T  A p lo t d ro p s  fo r  
T  > T2. T h is  is d u e  to  s m o o th in g  o f  p o te n t ia l b a r r ie r  o r  th e rm a l f lu c tu a tio n s  as o b s e rv e d  in  
o th e r  m a te r ia ls  [ 2 7 ] .
In  case  o f  G d F c M n 0 4, th e  e x p e c te d  io n s  a re  GdP+, F e 2+ an d  M n 3+. S  is c o n s ta n t  
an d  p o s it iv e . T h u s , n o rm a l c o n d u c tio n  in  th is  s o lid  s h o u ld  be d u e  to h o p p in g  o f  e le c tro n s  
f r o m  F e 2+ to  M n 3+ c e n tre s . B u t  o b s e rv e d  a c t iv a t io n  e n e rg y  Ea is s m a ll (0 .4 8  e V ) .  F u r th e r  
fo r  T  >  T 2 , E a g o es  u p  a g a in s t th e  d e c re a s e  o b s e rv e d  in  o th e r  c o m p o u n d s . T h u s  m  th is  
c o m p o u n d , h o p p in g  m e c h a n is m  ap p ears  d u e  to  d if fe re n t  k in d  o f  cen te rs . In  th is  re g a rd , it is 
to  b e  n o te d  th a t th e  s ta rtin g  m a te r ia l fo r  th e  p re p a ra tio n  o f  th is  c o m p o u n d  is M n 0 2. T h u s  
M n 3+ c e n te rs  c a n  be fo rm e d  o n ly  w h e n  e xcess  o x y g e n  is lib e ra te d  in  th e  fo rm a t io n  o t th e  
c o m p o u n d . B u t  it  has n o t b een  fo u n d  tru e  e x p e r im e n ta lly . T h u s , e x is te n c e  o f  b o th  M n 4+ and  
M n 3+ c e n tre s  a re  e x p e c te d  in  th is  c o m p o u n d  to g e th e r  w ith  the  excess o f  o x y g e n . T h e  v a lu e  
o f  e le c tr ic a l c o n d u c tiv ity  o f  th is  c o m p o u n d  has been  fo u n d  h ig h e r  in  the  s tu d ie d  series . T h e  
e x tra  d e fe c ts  a re  re s p o n s ib le  fo r  h ig h e r  c o n d u c tiv ity . F o r  th e  te m p e ra tu re  ra n g e  T ,  < T < T 2, 
th e  c o n d u c tio n  m e c h a n is m  in  v iew ' o f  a b o v e  fa c ts , a p p e a rs  to  be d u e  to  the  h o p p in g  o f  
e le c tro n s  fro m  M n 3+ to  M n 4+ cen tres . A t  m u c h  h ig h e r  te m p e ra tu re , th e  h o p p in g  o f  e le c tro n s  
f ro m  F e 2+ to  M n 3+ c e n tre s  ta k e s  o v e r  th e  c o n d u c tio n  m e c h a n is m . T h e  a c t iv a t io n  e n e rg y  in  
la t te r  case is la rg e r  in  c o m p a ris o n  to  fo rm e r .
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